Purpose: Water consumption and vegetative growth in resistant ("Frantoio") and susceptible ("Picual") olive cultivars infected with Verticillium dahliae were assessed. Methods: Plants were inoculated with the pathogen and disease evaluated in growth chamber. Mean daily water consumption and vegetative growth were recorded during 13 weeks. Results: Water consumption significantly decreased in inoculated plants compared to non-inoculated plants during the 3rd -6th weeks after inoculation period. From the 9th week, a significantly lower consumption occurred in infected "Picual" plants compared with "Frantoio" plants. Vegetative growth was reduced in inoculated plants of both cultivars, although the reduction of the fresh weight was remarkably higher in "Picual" compared with controls due to defoliation and tissue desiccation, impeding the production of new shoots and leaves. Conversely, in "Frantoio", defoliation was significantly reduced to low levels. Conclusions: Water consumption and vegetative growth in plants of resistant ("Frantoio") and susceptible ("Picual") olive cultivars inoculated by Verticillium dahliae were consistently associated with the progress of the wilt symptoms and the level of resistance of the cultivar. Growth and water consumption reductions in "Picual" were irreversible in almost all plants, while "Frantoio" plants were able to maintain water translocation, overcome the infection and avoid vascular occlusion, and restart vegetative growth.
Introduction
Vascular wilts caused by the soil-borne pathogen Verticillium dahliae Kleb. occur in a wide range of herbaceous and woody species [1] [2] . These diseases are called tracheomycosis because the pathogen invades the xylem, where it provokes occlusion of the vascular vessels and, subsequently, a reduction in the translocation of water and inorganic nutrients [3] - [5] . One of the most destructive Verticillium wilts is Verticillium Wilt of Olive (VWO) [6] - [10] . The disease is widely spread throughout the areas in which this tree crop is economically important, such as the Mediterranean Basin countries and, especially, Spain, in which approximately 2.5 million ha are occupied by olive orchards [11] . Disease control must be approached by an integrated control strategy, in which the use of resistant cultivars plays an important role [8] [9] [12] . However, there are a number of factors related to resistance in this pathosystem that remain unknown. Some factors are related to physiological changes that occur in infected plants during pathogenesis with regard to photosynthesis, respiration and, especially, water flow interruption [13] - [16] . In affected plants, these changes cause wilt, severe defoliation, growth reduction, necrosis and, in a high percentage of cases, the death of the tree. Vascular occlusion in infected plants is caused by colonization with V. dahliae mycelium, but also by the accumulation of tyloses or gel plugs in infected vessels, as a defensive mechanism deployed by the plant to impede the vertical and transversal colonization of the xylem by the pathogen [1] - [5] [17]- [19] . In the case of the olive, using electron scanning microscopy, [19] visualized completely occluded vessel cells of infected plants of the susceptible cultivar "Picual" in which polysaccharide-type material accumulated. Additionally, the obstruction of the xylem lumen by the formation of tyloses and aggregates that originate from the degradation of external material of the vessel walls has been observed [19] [20] . Some of these structural defensive mechanisms occur to some degree during both compatible (susceptible) and incompatible (resistant) interactions in olive, although their success in controlling pathogen colonization appears to be associated with the levels of resistance that are ultimately exhibited by the cultivar [20] . Thus, during disease progression, knowledge of the changes in some physiological parameters would help us to better understand the resistance mechanisms that operate in plants. Therefore, the objective of this research was to assess the progress of water consumption and vegetative growth in plants of resistant and susceptible olive cultivars infected by Verticillium dahliae.
Materials and Methods

Plant and Fungal Material
In the experiment, nine-month-old rooted olive (Olea europaea L.) cuttings of "Picual" and "Frantoio" were used, which are highly susceptible and moderately resistant cultivars, respectively, to the defoliating isolate of Verticillium dahliae Kleb. [21] [22] . The cuttings were authenticated accessions of each cultivar, obtained from the World Olive Germplasm Bank of IFAPA, CIFA "Alameda del Obispo" (Córdoba, Spain) [23] . Plants were inoculated with a cotton-defoliating V. dahliae isolate, V117, from the collection of the Plant Pathology Laboratory of Departamento de Agronomía, Universidad de Córdoba. To prepare the inoculum, the pathogen was transferred from potato dextrose agar (PDA) slants, where it was maintained at 4˚C, to ten PDA plates, and the mycelium was spread uniformly over the surface of each plate. Plates were incubated for 6 days at 22˚C -24˚C [21] .
Plant Inoculation and Disease Assessment
Plant inoculation was conducted by dipping the bare root systems of the plants in a suspension of 10 7 conidia/ml for 30 min. Then, they were transplanted to sterile soil (1:1:1, peat:sand:lime) in sterile pots and incubated in a growth chamber adjusted to 22˚C ± 2˚C. Plants remained in darkness and at 95% HR for three days after inoculation to reduce losses due to the transplanting and inoculation processes. From the fourth day, plants were incubated in the growth chamber at 22˚C ± 2˚C, with the light and humidity levels adjusted to a photoperiod of 14 h (216 µ Em-2 s-1 fluorescent light) and 80% RH. Ten replications (plants) per cultivar and treatment (inoculated and non-inoculated plants) were included.
Disease severity was evaluated on a weekly basis for 10 weeks, starting 2 weeks after inoculation. Wilt resistance was assessed on a scale from 0 to 4 based on the percentage of plant tissue affected by chlorosis, leaf and shoot necrosis or defoliation (0 = healthy plant or plant without symptoms; 1 = plant affected at 1% -33%; 2 = 34% -66%; 3 = 67% -99%; 4 = dead plant). The area under the disease progress curve [24] for the two cultivars was estimated with reference to the maximum value potentially reached over the ten-week assessment period (AUDPCP) according to this formula:
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(where t = interval in days between observations; Si = final mean severity; 4 = maximum disease rating; n = number of observations).
Water Consumption
After inoculation and during the disease assessment period, plant watering was controlled with the aim of evaluating water consumption in infected plants compared to non-inoculated control plants. Therefore, 300 ml of water was added to each pot every three days. This water dosage per plant had been previously estimated using watering probes to be optimal for covering the water necessities of the plants with respect to the pot volume (1.5 l.) and soil density (1.2 g/cm 3 ) during this period. This watering schedule was substituted one day every two weeks by irrigation with 150 ml of a Hoagland complete nutritive solution [25] plus 150 ml of water. Pots were weighed just before and after watering at each recording date using a balance. The mean daily water consume per plant between recording dates was calculated according to the formula: (Wbi -Wai-1)/3 (where Wbi = weight of the pot at the recording date "i" before watering, Wai-1 = weight of the pot at the recording date "i-1" after watering). These values were used for building daily and accumulated water consumption progress curves.
Vegetative Growth: Fresh and Dry Weight
For evaluating the influence of the VWO progress on the vegetative growth of olive plants inoculated with V. dahliae compared with the non-inoculated controls, the tips of all shoots of each plant were marked with an indelible marker at the last node. During inoculation, while plant roots were naked and released from the soil for dipping, the fresh weight of the entire plants were recorded using a balance. At the end of experiments, thirteen weeks after inoculation, the fresh weight of new tissues grown from marked points at plant shoot tips, the entire root, and the rest of tissues of each plant were recorded separately. Thereafter, these parts of each plant were collected separately in paper envelopes and dried in an oven at 70˚C for 48 h, and subsequently, the dried weight of the samples was recorded.
Analysis of Results
An analysis of variance (ANOVA) of the AUDPCP, water consumption and fresh and dry weight values reached in the experiment for plants of "Picual" and "Frantoio" was used to determine variability between treatments. Statistical analyses were performed using the Statistix 9.0 program (Analytical Software, Tallahassee, FL, USA). Mean values were compared using the Fisher's protected LSD test at P = 0.05.
Results
Disease Symptoms and Progress
In the susceptible cultivar "Picual", chlorosis was very common, and earlier symptoms were exhibited by infected plants, including wilt and flaccidity of leaves and stems. Chlorosis started by the 3rd week after inoculation, affecting all the shoots in many of the plants of this treatment. However, in some of the plants, it only affected the old leaves that were attached to the main stem at the basal and medium zones. Chlorosis was accompanied in some of the plants by a progressive process of leaves rolling inwards and the dieback of shoots, reproducing the so-called "apoplexy syndrome". Nevertheless, defoliation of green leaves was the most important symptom that affected almost all of the infected "Picual" plants. In several plants, defoliation was very severe, affecting more than the 70% of the green leaves of all the shoots. In this susceptible cultivar, the onset of symptom development was observed from the 3rd to the 4th weeks after inoculation (Figure 1) . Thereafter, Verticillium wilt progressed moderately between the 4th and 7th weeks after inoculation. From this moment, symptom expression increased dramatically, causing severe symptoms that affected up to 100% of the plants (Figure 1) . At the end of the experiment, all plants were killed by the pathogen.
In contrast, although 60% of the inoculated plants of the resistant cultivar "Frantoio" were affected during the observation period, disease onset was remarkably delayed compared with "Picual", and the symptoms were very slight in all cases (Figure 1) . Thus, infected plants did not exhibit leaf defoliation, and only a few plants showed Figure 1 . Disease progress based on the symptom severity of the olive cultivars "Picual" (susceptible) and "Frantoio" (resistant) after root-dip inoculation with the defoliating pathotype of Verticillium dahliae in a growth chamber. The disease was assessed for 13 weeks, beginning 2 weeks after inoculation, on a scale from 0 to 4 based on the percentage of plant tissue affected by chlorosis, leaf and shoot necrosis or defoliation (0 = healthy plant or plant without symptoms; 1 = plant affected by 1% to 33%; 2 = 34% to 66%; 3 = 67% to 99%; 4 = dead plant).
very slight chlorosis. Similarly, new leaves that grew on plants of this treatment during the incubation period in the controlled chamber did not show chlorosis. Ultimately, the final mean severity and AUDPCP values were significantly lower in "Frantoio" than in "Picual", reaching 1.1% and 10.5%, respectively (Figure 1) . Indeed, the pathogen did not kill any of the plants. During the experiment, plants of this cultivar exhibited recovery from the disease [26] , expressed as a reduction in the disease symptoms. This phenomenon occurred in plants that had exhibited moderate disease symptoms and produced new green tissues from the 10th week after inoculation. Non-inoculated control plants of both cultivars did not exhibit the mentioned symptoms and yielded new shoots and twigs from the 4th-5th weeks after inoculation normally.
Water Consumption
Daily water consumption varied over the period of disease assessment between inoculated and non-inoculated plants, and it depended on the resistance of the cultivar (Figure 2) . During the first 4 weeks after inoculation, water consumption increased from 50 to 80 -85 ml per plant per day. From the 4th to the 9th weeks, alternating increases and decreases were observed, and thereafter, this parameter stabilized. Water consumption was significantly lower in inoculated plants of both cultivars than in non-inoculated control plants from the 3rd to the 6th weeks after inoculation. These differences were maintained from the 9th week after inoculation to the end of the experiment (Figure 2) . Additionally, in this period, differences were detected between inoculated plants of the two cultivars. Thus, significantly lower water consumption was recorded in infected "Picual" plants than in "Frantoio" plants (Figure 2) . The accumulated water consumption showed a similar trend ( Table 1) . From the 7th week after inoculation, there were significant differences between the water consumption of inoculated and non-inoculated plants. Similarly, from the 9th week after inoculation, the accumulated water consumption of inoculated "Picual" plants remained statistically lower than that of inoculated "Frantoio" plants ( Table 1) .
Vegetative Growth: Fresh and Dry Weight
Vegetative growth was reduced in inoculated plants of both cultivars due to infections caused by V. dahliae, although the reduction was remarkably higher in "Picual" than in "Frantoio" ( Table 2 and Table 3 ). The initial fresh weight was similar for both cultivars ( Table 2) . Final values of this parameter were significantly lower in inoculated plants of "Picual" than in the rest of the treatments. Thus, the reduction of the fresh weight of inoculated Leaves and tissues produced after inoculation during the incubation period in the controlled chamber.
non-inoculated plants reached 11.7 g. Finally, the fresh weight of the rest of the plant tissues (without the roots and new green tissues produced during the incubation period in the chamber) was 61.7% lower than in control plants due to defoliation and leaf and shoot desiccation ( Table 2 ). In contrast, the fresh weight reduction in inoculated "Frantoio" plants was low (21.9%). Analysis of variance revealed that this difference was primarily due to the reduction in the production of new shoots and leaves in inoculated plants, for which the fresh weight was 83.3% lower than that of non-infected plants ( Table 2 ). The reduction of the fresh weight of roots and the rest of aerial tissues was low and did not differ between inoculated and non-inoculated plants of this resistant cultivar. Non-inoculated control plants of both cultivars grew normally during the assessment period, yielding similar amounts of new green shoots and leaves that weighed a mean of 12.6 g ( Table 2 ). Analogous results were observed when the dry weight of the plants was investigated (Table 3) . Thus, the reduction in the dry weight of complete inoculated plants compared with that of the corresponding non-infected control plants accounted for 56.2% and 22.5% for "Picual" and "Frantoio", respectively ( Table 3 ).
Discussion
In the olive and other hosts of the pathogen, several structural (callose and lignin material deposition; tylose or gel plug formation in infected vessels) and/or biochemical (i.e, phytoalexin and toxic substance production) mechanisms are deployed by the plants before and/or after infection to impede colonization [1] - [5] [17]- [20] [27]. Subsequently, several physiological alterations may occur in infected plants that influence, among other things, photosynthesis, nutrient translocation, water transport, and/or respiration [13] [14] [16] . AUDPC (area under disease progress curve) values recorded in this study for "Picual" (61.6%) and "Frantoio" (10.5%) plants after inoculation with a defoliating isolate of V. dahliae by a root dip were very similar to those reported in several research works related to programs responsible for assessing the VWO resistance of olive cultivars [21] [22] [28] . Thus, in these studies, the mean values of AUDPC accounted for 57.5% and 17.4% of the susceptible and resistant olive genotypes, respectively.
Daily water consumption increased until 4 weeks after inoculation, likely due to the recovery of plants from the stress caused by the root baring and plant transplanting during the inoculation process. It is likely that the initial colonization of the plant by the pathogen does not induce water flow disruption. Regardless of the cultivar resistance level, between the 3rd and the 6th weeks after inoculation, infected plants consumed a lower amount of water compared with the non-inoculated control plants (Figure 2, Table 1 ). This fact may be associated with the tyloses and gums that accumulate in xylem vessels. This resistance mechanism seems to be deployed in a similar manner in susceptible and resistant olive plants when they are infected by V. dahliae [20] . Therefore, the heavy colonization of olive tissues by the pathogen clearly precedes disease symptoms development, as observed by both microscopy [20] [29] and molecular studies [30] . Nevertheless, in the non-compatible reaction (the "Frantoio" resistant cultivar), vessel plugging to restrict the colonization of the xylem by the pathogen was successfully implemented by the plant on time and in the right places. This finding corroborates previous researches supported by anatomical observations by [20] , and explains well the physiological consequences for vascular flow interruption in compatible and non-compatible interactions. From the 7th week after inoculation until the end of the experiment, inoculated plants consumed less water than non-inoculated plants, and water consumption was significantly higher in susceptible "Picual" than in resistant "Frantoio" plants (Figure 2, Table 1 ). It is likely that these differences were due to differences in the inhibition of water flow in the vascular system and in stomata. Additionally, the loss of green leaves and the lack or the reduction in the production of new shoots by affected plants also contributed to diminished transpiration and, subsequently, water consumption.
The fresh and dry weights of plants were the major parameters used to assess the differential vegetative growth in olive cultivars with different levels of resistance to V. dahliae ( Table 2 and Table 3 ). Infections caused by the defoliating isolate of the pathogen reduced the growth of inoculated plants of both genotypes, although the reduction was significantly higher in "Picual" than in "Frantoio". This is the first qualitative information available in the scientific literature regarding the interference in the vegetative growth of the olive caused by infections of V. dahliae, especially concerning genotypes with different resistance levels. Several scientific studies have reported similar results with respect to the reduction in the vegetative growth of various herbaceous hosts due to vascular wilts caused by Verticillium sp. or Fusarium sp. In almost all cases, one of these pathogens significantly reduced plant growth, as can be seen in studies on tomato or eggplants infected by V. dahliae by [31] . Furthermore, in some of these studies, growth reduction was related to the resistance level of the evaluated variety of the species, such as sunflower [16] or pepper [32] . In both resistant and susceptible olive cultivars, the vegetative growth of the plants stopped after infection by the pathogen. Nevertheless, plants of "Picual" were more extensively colonized, provoking severe symptoms that led to the plant losing green tissues and to the death of shoots and buds. Meanwhile, in "Frantoio", plants were able to reduce pathogen colonization and significantly reduce defoliation and, consequently, maintain green tissues. Temporary or definitive reductions in the vegetative growth of infected olive plants due to VWO, in which severe symptoms lead to plant death, have been observed in controlled and field conditions and are correlated with the natural recovery capability of the plant. Thus, [26] demonstrated that plants of the resistant genotypes "Frantoio" and "Empeltre" were able to overcome infections and to restart vegetative growth between 7 to 9 weeks after inoculation with the defoliating pathotype of V. dahliae in controlled conditions (growth chamber).
Moreover, in field conditions, a reduction of the normal seasonal growth of olive trees has been observed upon infection by this pathogen. Thereafter, particularly when the disease symptoms of the plants are moderate, and depending on the duration of a favorable environment for disease progress, the pathogen virulence in soil, and the level of the resistance of the cultivar, natural disease recovery frequently occurs [12] . Indeed, this natural phenomenon has been repeatedly reported in a number of woody hosts of V. dahliae and other vascular pathogens, which include the olive [1] [12] [26] [33] . In this sense, present results clearly clarified how the genetic resistance in "Frantoio" is finally expressed as mechanism that allow infected plants to maintain water translocation and recover from the disease producing new vegetative growth.
Thus, in the susceptible cultivar "Picual", growth reduction seemed to be irreversible in almost all plants, due to the severe progress of the disease symptoms, especially the defoliation of green leaves and the desiccation and necrosis of tissues. Additionally, root growth was reduced to half of that of the control treatment, and plants did not produce new shoots or leaves during the evaluated period ( Table 2 and Table 3 ). Remarkably, in inoculated plants of this genotype, the dry weight was reduced by the disease at a lower rate than the fresh weight when compared with control plants because part of the shoots and leaves of the former had suffered desiccation and necrosis during disease progression. In contrast, the loss of tissues caused by the copious defoliation of green leaves induced by the defoliating isolate of the pathogen was likely the main factor that influenced the reduction of the fresh weight of the aerial plant tissues ( Table 2 and Table 3 ). Conversely, plants of the resistant genotype "Frantoio" exhibited few symptoms, and they produced new shoots and leaves after 10 weeks postinoculation, which was conducive to plant recovery. These findings provide new information for the knowledge of physiological mechanisms which operate during the infection process of this vascular pathogen.
Conclusion
Many aspects related to the pathogenesis process in plants infected by Verticillium dahliae and other vascular pathogens are very complex and may produce physiological alterations influencing, among others, on the photosynthesis, nutrient translocation, water transport, and/or respiration [13] [14] [16] [34] [35] . Characterization of these interactions would be helpful for better understanding how the resistant mechanisms operate. In the present study we have demonstrated that water consumption and vegetative growth in plants of resistant ("Frantoio") and susceptible ("Picual") olive cultivars inoculated by Verticillium dahliae are consistently associated with the progress of the wilt symptoms and the level of resistance of the cultivar. Thus, the initial colonization of the plant by the pathogen had not an influence on the water flow disruption. Later on, from the onset of wilt symptoms, infected plants of both cultivars consumed lower amount of water compared with non-inoculated control plants but, interestingly, in this period only the susceptible cultivar "Picual" showed symptoms. On the contrary, disease symptoms in plants of the resistant cultivar "Frantoio" significantly were delayed. This fact was likely associated to the tyloses and gums accumulation in xylem vessels, to avoid colonization by the pathogen, which was a structural mechanism deployed in infected olive regardless resistant level of the cultivar. Nevertheless, it seems that vessel plugging for restricting fungus colonization is successfully carried out by the plant on time and at relevant places, only by resistant cultivars. When the disease progressed over time, inoculated plants consumed less water than non-inoculated plants, being differences significantly higher in the susceptible than in resistant cultivar. This was most likely linked to the influence of symptom progress on the vegetative growth. Thus, in both resistant and susceptible olive cultivars, plant vegetative growth stopped after inoculation. Nevertheless, in "Picual" plants growth detention was accompanied by a heavy defoliation of green leaves, and a progressive and irreversible desiccation and necrosis of tissues. On the contrary, "Frantoio" plants were able to avoid extensive colonization and severe symptoms, which allowed plants to maintain green tissues, to restart water flow, and to recover from infections.
